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Higgs golden decay channel
The inclusive production of four isolated charged leptons in pp collisions is analysed for the presence 
of hard double-parton scattering, using 20.2 fb−1 of data recorded in the ATLAS detector at the LHC at 
centre-of-mass energy 
√
s = 8 TeV. In the four-lepton invariant-mass range of 80 < m4 < 1000 GeV, an 
artificial neural network is used to enhance the separation between single- and double-parton scattering 
based on the kinematics of the four leptons in the final state. An upper limit on the fraction of events 
originating from double-parton scattering is determined at 95% confidence level to be fDPS = 0.042, 
which results in an estimated lower limit on the effective cross section at 95% confidence level of 1.0 mb.
© 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.1. Introduction
The parton–parton scattering at the origin of hard processes in 
pp interactions is accompanied by proton-remnant fragments that 
contribute to the hadronic final state through the so-called under-
lying event. As first pointed out by Sjöstrand and van Zijl [1], one 
source of the underlying-event activity, particularly in the high-
energy regime of the LHC, is multi-parton interactions (MPI): in-
teractions of pairs of partons from the interacting protons which 
occur simultaneously with the hard process. In high-energy pp in-
teractions, where the density of low-x partons is high, there is 
enough energy to produce hard multi-parton interactions. The sim-
plest example is hard double-parton scattering (DPS), where two 
partons from each proton interact with each other leading to per-
turbative final states.
The interest in studying DPS is twofold. Firstly, the probabil-
ity of occurrence of DPS and the potential correlations between 
the products of these two perturbative interactions provide valu-
able information about the dynamics of the partonic structure of 
the proton (see Ref. [2] and references therein). Secondly, DPS pro-
cesses may also constitute a background to reactions proceeding 
through single-parton scattering (SPS). An example is the produc-
tion of four charged leptons in the final state, addressed in this 
Letter. This reaction is dominated by the SPS production of two 
Z (∗) bosons, followed by subsequent leptonic decays. The Z (∗) no-
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tation indicates the production of on- or off-shell Z bosons (Z
and Z∗), or the production of off-shell photons (γ ∗). However, the 
four leptons could also be produced as the result of two Drell–Yan 
processes occurring simultaneously, potentially distorting the mea-
surements of prompt-lepton production.
For a process pp → A + B + X , the expected DPS cross sec-
tion for producing states A and B in two independent scatterings, 
σ ABDPS, may be estimated from the following formula [3–5] (see also 









where σ A(B)SPS denotes the production cross section of state A(B)
in a single-parton scattering, the symmetry factor k depends on 
whether the two scatterings lead to the same final state (A = B , 
k = 1) or different final states (A = B , k = 2), and σeff represents 
the effective transverse overlap area containing the interacting par-
tons.
For most of the existing measurements [7–21], σeff fluctuates 
around 15 mb. However, for the associated production of quarko-
nia J/ψ J/ψ or J/ψϒ, σeff is systematically lower [22–25] than 
for all other investigated processes. This might indicate that σeff
is not universal and that there are spatial fluctuations of the par-
ton densities in the proton, which may favour certain final states 
over others [26,27]. The concept of geometric fluctuations in the 
spatial parton densities has also been invoked [28] to explain 
the collective phenomena observed in high-multiplicity proton–
https://doi.org/10.1016/j.physletb.2019.01.062
0370-2693/© 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
SCOAP3.
596 The ATLAS Collaboration / Physics Letters B 790 (2019) 595–614
proton and proton–nucleus interactions [29–32]. In pp interac-
tions at 
√
s = 8 TeV [33], the double Drell–Yan contribution may 
add 0.3% to the yield of four leptons in the invariant-mass range 
80 < m4 < 1000 GeV, using Eq. (1) with σeff = 15 mb. The 
latter is obtained from calculations of the Drell–Yan cross section 
in the phase space of the measurement in next-to-leading-order 
(NLO) QCD with Powheg-Box [34–36].
Since double Drell–Yan production is driven by quark–antiquark 
annihilation, while most of the previously explored DPS processes 
are driven by gluon–gluon scattering, and the final state of four 
charged leptons constitutes the golden channel for the studies of 
Higgs boson properties, H → Z (∗) Z (∗) → 4, a study of a possible 
DPS contribution to the production of four isolated charged leptons 
at 
√
s = 8 TeV is warranted. The analysis presented in this Letter 
closely follows a previous analysis of this final state [33], but ex-
tends it to consider DPS.
2. ATLAS detector
The ATLAS detector [37] is a multipurpose particle detector 
with a forward–backward symmetric cylindrical geometry and 
nearly full coverage in solid angle.1
It consists of an inner tracking detector (ID) system surrounded 
by a superconducting solenoid, electromagnetic and hadronic 
calorimeters, and a muon spectrometer (MS) incorporating su-
perconducting toroid magnets. During Run 1 of the LHC the ID 
consisted of a pixel detector closest to the beam-pipe, followed by 
a silicon strip detector and a transition radiation tracker. This ID 
system, operating in a 2 T axial magnetic field, provides the track-
ing of charged particles within the pseudorapidity range |η| < 2.5. 
The calorimeter system, which covers the range |η| < 4.9, in-
cludes in the barrel region a high-granularity lead/liquid-argon 
(LAr) barrel electromagnetic (EM) calorimeter (|η| < 1.5) and a 
steel/scintillator-tile hadronic calorimeter (|η| < 1.7). In the end-
cap (1.5 < |η| < 3.2) and forward (3.2 < |η| < 4.9) regions, the EM 
calorimeter and the hadronic calorimeter are made of LAr active 
layers with either copper or tungsten as the absorber material. 
The muon spectrometer constitutes the outermost detector and 
includes fast trigger chambers covering the region |η| < 2.4 and 
high-precision tracking chambers covering |η| < 2.7. A three-level 
trigger system [38] was used to select events to be recorded.
3. Monte Carlo event samples
In SPS events, the four-lepton events correspond to the produc-
tion and subsequent decay of resonant Z or Higgs bosons, or to 
the production of the continuum Z (∗) Z (∗) system. In the case of 
DPS, the four leptons are decay products of two Z (∗) bosons that 
are produced in two distinct parton–parton scatterings within the 
same pp interaction.
The Monte Carlo samples are unchanged with respect to 
Ref. [33]. The SPS qq̄ → 4 was simulated with the Powheg-
Box (revision 2330) [34–36] Monte Carlo (MC) program, which 
is based on perturbative QCD calculations at NLO. The four-lepton 
production through the qg initial state is included as part of the 
NLO contributions to the qq̄ process. The parton distribution func-
tions (PDFs) of the CT10NLO [39] set were used. The gg → 4
1 ATLAS uses a right-handed coordinate system with its origin at the nominal 
interaction point (IP) in the centre of the detector and the z-axis along the beam 
pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis 
points upwards. Cylindrical coordinates (r, φ) are used in the transverse plane, φ
being the azimuthal angle around the z-axis. The pseudorapidity is defined in terms 
of the polar angle θ as η = − ln tan(θ/2). Angular distance is measured in units of 
R ≡ √(η)2 + (φ)2.
events corresponding to the continuum Z (∗) Z (∗) production were 
generated with MCFM 6.1 [40] at leading order (LO) in QCD, us-
ing the CT10NNLO [41] set of PDFs, and the cross sections were 
corrected for higher-order effects using the ratio of NLO to LO 
cross sections (the so-called K -factors) [42]. The on-shell Higgs 
boson production was simulated with Powheg-Box at NLO QCD, 
using the CT10NLO PDFs, in the case of gluon–gluon fusion and 
vector-boson fusion, and with LO Pythia 8 [43] in the case of 
vector-boson associated production (V H) and top-pair associated 
production (tt̄ H). The event yield of on-shell Higgs boson was 
normalised to the higher-order corrected cross section [44]. The 
events with off-shell Higgs boson production were simulated with 
the LO MadGraph 5.1.5.12 [45] generator via vector-boson fusion 
and vector-boson scattering processes, including their interference. 
For the LO Pythia 8 and MadGraph generators, the LO version of 
CTEQ6L1 PDFs [46] was used.
The MC generators listed above were interfaced to Pythia 8 
for parton showering, except MadGraph which was interfaced to
Pythia 6 [47]. The underlying-event parameter values belong to 
the AU2 [48] tune.
The DPS events that contribute to the 4 production were sim-
ulated with Pythia 8.175 using the LO version of CTEQ6L1 PDFs.
Background events may originate from Z + jets, tt̄ , diboson 
(Z W , Zγ ), triboson V V V (V = Z , W ), V H , and Z + top (tt̄ and 
t) processes.
The production of Z + jets events, including the light- and 
heavy-flavour contributions, was simulated with Alpgen 2.1.4 [49], 
using the Perugia2011C [50] tune. The Zγ production was mod-
elled with Sherpa 1.4.5 [51]. Background tt̄ events were generated 
with Powheg-Box using the Perugia2011C tune. The Z H events, 
with subsequent decays Z →  and H → V V ∗ (with two leptons 
and two neutrinos or two leptons and two jets in the final state), 
were generated with Pythia 8, using the AU2 tune. The Z W and 
t Z processes were simulated with Sherpa and MadGraph respec-
tively, with the latter using the AUET2B tune [52]. The background 
contribution from V V V and tt̄ Z was modelled with MadGraph, 
using the AUET2B tune. The MC generators for background simu-
lation used the LO version of the CTEQ6L1 PDF set, except Sherpa, 
which used the CT10 PDF set.
The largest contributions to the background, originating from 
Z + bb̄ jets and tt̄ production, were estimated in Ref. [33] from 
the respective MC samples normalised to the data in selected con-
trol regions. The remaining background contributions were directly 
extracted from the MC expectations.
Additional pp interactions occurring in the same and neigh-
bouring bunch crossings (pile-up) were also simulated, using the
Pythia 8 MC generator, with the A2 [53] tune and MSTW 2008 
LO [54] PDF set. The MC samples were reweighted to reproduce 
the distribution of the mean number of pp interactions per bunch 
crossing observed in the data. The estimated number of events 
with two Z (∗) bosons produced in the same bunch crossing with 
less than 1 cm separation along the beam axis is negligible com-
pared to the DPS expectations.
Monte Carlo events were passed through the ATLAS detector 
simulation [55], which is based on the Geant4 [56] framework, 
and which includes simulation of the trigger selection. The MC 
events were reconstructed and selected offline using the same soft-
ware and selections as for the data.
4. Event selection
The dataset and the event selection are unchanged with re-
spect to Ref. [33]. The updated luminosity of the analysed sample 
is 20.2 fb−1. The events were selected online using single-lepton or 
dilepton triggers. The single-lepton trigger required the transverse 
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Fig. 1. The distribution of the four-lepton invariant mass, m4 . The data (black 
dots) are compared with the sum of signal and background MC expectations 
(filled coloured histograms). Also shown is the expected contribution of DPS from
Pythia 8.
energy of the electron candidate or the transverse momentum of 
the muon candidate to be above 24 GeV. The dielectron trigger had 
the same threshold of 12 GeV for both electron candidates. The 
dimuon trigger required either two muons with transverse mo-
mentum above 13 GeV or one above 18 GeV and the other above 
8 GeV. An electron–muon trigger was also used with thresholds at 
12 GeV for electrons and 8 GeV for muons.
The final sample consists of events with at least four leptons, 
where each lepton is either an electron or a muon. The four lep-
tons are required to form two same-flavour (electrons or muons) 
opposite-charge (SFOC) lepton pairs. The pair with the invariant 
mass closer to the mass of the Z boson is called the leading 
pair, and the other pair is the sub-leading one. The invariant 
mass of the leading pair is restricted to the range 50 < mleading <
120 GeV, while for the sub-leading pair the mass requirement is 
12 < msub-leading < 120 GeV. A J/ψ veto is applied such that for 
any SFOC lepton combination the invariant mass of the dilepton, 
m2 , must be greater than 5 GeV. Only events with the four-lepton 
invariant mass in the range 80 < m4 < 1000 GeV are selected. 
The transverse momentum of dileptons, p
+−
T , is required to be 
above 2 GeV. Selected leptons, ordered in descending order of 
transverse momentum, are required to have transverse momenta 
pT above 20, 15, 10 (8 if muon), and 7 (6 if muon) GeV. The 
leptons are selected within the pseudorapidity range |η| < 2.5 in 
the case of electrons and |η| < 2.7 in the case of muons. In order 
to have well-measured leptons, a lepton separation requirement is 
imposed, such that the distance between any two leptons in the 
η–φ space, R , is required to fulfil the condition R > 0.1 (0.2)
for same-flavour (different-flavour) leptons. Each event is required 
to have the triggering lepton(s) matched to one or two of the se-
lected leptons.
The data sample, after all selections, contains 476 events. The 
resulting data and MC distributions of the four-lepton invariant 
mass are shown in Fig. 1. For completeness, the figure also includes 
the DPS contribution of 0.4 events predicted by the Pythia 8.175 
simulation.
5. DPS signal extraction
The assumption that in DPS the two scatters are distinct implies 
that, in the DPS four-lepton final states, the two leptons of each 
dilepton will tend to be balanced in pT and therefore back-to-back 
in the azimuthal angle φ, due to the dominance of low-pT Z (∗)
production. In the SPS case, the leading and sub-leading pairs are 
expected to balance each other in pT.
Based on the experience gained in the study of four-jet final 
states [57], in order to distinguish between DPS events and SPS 
events, the distributions of the following kinematic variables of the 
four leptons are considered:
pT,i j = |pT,i + pT, j|
pT,i + pT, j , φi j = |φi − φ j|,
yij = |yi − y j|, i, j = 1,2,3,4, i = j
i jkm = |φi+ j − φk+m|, i jkm = 1234,1324,1423.
(2)
Here, pT,i is the transverse momentum component of the i-th lep-
ton (i = 1, 2, 3, 4), and φi and yi are the azimuthal angle and the 
rapidity of the i-th lepton, respectively. The angle φi+ j is the az-
imuthal angle of the momentum vector composed by the sum of 
momenta of leptons i and j. Leptons 1 and 2 form the leading 
dilepton. The lepton ordering is chosen such that pT,1 > pT,2 and 
pT,3 > pT,4.
The distributions of the variables pT,12, φ13, y13, and 
1234 are presented in Fig. 2(a)–(d). The distribution of pT,12
peaks around 0.1 for simulated DPS events, while the simulated 
SPS events are more evenly distributed across the range [0,1]. This 
demonstrates that, as expected, two leptons coming from the same 
Z candidate in DPS balance each other in pT, while in SPS the pair-
wise pT balance is not dominant. This is again demonstrated in 
the φ13 distribution, where leptons 1 and 3 are decorrelated in 
φ for DPS, while for the SPS events these leading-pT decay lep-
tons tend to be back-to-back in φ, because they originate from the 
two Z bosons, which themselves are expected to be back-to-back 
in φ. The y13 distribution shows that leptons associated to dif-
ferent dileptons tend to be more separated in rapidity in DPS than 
in SPS. The back-to-back configurations of the two Z candidates 
in the case of SPS, and their decorrelation in the case of DPS is 
explicitly demonstrated in the distribution of the azimuthal angle 
between two Z candidates, 1234.
The difference between the topologies of SPS and DPS events is 
used to train an artificial neural network (ANN) to discriminate be-
tween the DPS and non-DPS classes, where the latter corresponds 
to SPS and background events.
The training is performed with the ANN available in the 
ROOT [58] implementation of a feed-forward multilayer percep-
tron. The Broyden–Fletcher–Goldfarb–Shanno supervised learning 
algorithm [59–62] is used in the training. The input layer contains 
21 neurons, corresponding to the variables listed in Eq. (2), and the 
output layer consists of one neuron. As the result of optimising the 
convergence and the performance of the ANN, a configuration of 
30 and 9 neurons is adopted for the first and second hidden layer, 
respectively. The output of the ANN, ξDPS, is a number distributed 
between 0 and 1, which represents the likelihood for an event to 
belong to the DPS class.
The event weights are chosen such that during the train-
ing procedure the effective numbers of SPS qq̄-initiated events, 
gg-initiated events and background Z + bb̄ jets events are in the 
ratio 1 : 1 : 1. The SPS gg-initiated events tend to spill over into 
the DPS signal region, and a better separation between the SPS 
and DPS classes is achieved by increasing their weight in the min-
imisation of the error function. Similarly, the effective contribution 
of Z + bb̄ jets events is increased for the ANN training to distin-
guish them better from the DPS ones, as the kinematics of the 
Z + bb̄ jets background subprocess has features similar to DPS. 
The effective numbers of events for DPS and non-DPS events are 
equal. Each MC set is split randomly into two subsets having ap-
proximately the same number of events. One subset is used for the 
ANN training, while the other is used to validate the performance 
of the ANN and to determine the number of training epochs, so as 
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pT,12, (b) φ13, (c) y13, and (d) 1234. The definition of variables is given in Eq. (2). Also plotted are the MC 
expectations for SPS and DPS, where the latter is normalised to the number of observed data events in order to make it clearly visible.Fig. 3. The distribution of the output variable of the artificial neural network, ξDPS, 
shown separately for the data, SPS, background, and DPS distributions.
to reach the best possible level of discrimination while preventing 
overtraining.
The trained ANN is applied to data events, and the resulting 
distribution of ξDPS is shown in Fig. 3, together with the corre-
sponding DPS, SPS and background MC distributions. The DPS MC 
events form a peak around ξDPS = 1 and the SPS and background 
events form a peak at ξDPS = 0, as expected. A similar peak at 
ξDPS = 0 is observed in data events, with no indication of a sub-
stantial contribution of double-parton scattering at ξDPS = 1.
In order to quantify the level of the potential DPS contribution 
in the data, the variable fDPS is introduced, defined as the ratio of 
the number of DPS events, NDPS,4 , to the sum of the DPS and SPS 
(NSPS,4):
fDPS = NDPS,4
NSPS,4 + NDPS,4 .
The MC template fit of the sum of the DPS, SPS and background 
contributions to the data yields fDPS = −0.009 ± 0.017 with a χ2
per degree of freedom χ2/dof = 8.6/9. Since the result is consis-
tent with zero, an upper limit on fDPS is extracted, as described in 
Section 7.1.
For the ANN performance to be robust and independent of the 
DPS model, it is best to have a DPS training sample with no inher-
ent correlations between the initial partons or the final states. The 
DPS model in Pythia [63–65] used in the analysis contains some 
correlations between the initial-state partons, implied by conser-
vation of flavour and by the proton momentum sum-rule, as well 
as correlations due to inherent primordial transverse momentum 
of the partons and interleaved initial-state radiation. These effects 
are expected to be weak in the phase space of the present analy-
sis (low-momentum partons and large transverse momenta of the 
final-state leptons). No correlations are expected in the production 
of the Drell–Yan final states.
To test this assumption of a very weak correlation between 
two subscatterings in the Pythia DPS model, the MC training 
sample was compared with a sample of two randomly overlaid 
dilepton events, where any correlation is eliminated by construc-
tion. Such a sample was made by overlaying dilepton events se-
lected in the data, with the selection driven by the four-lepton 
phase space. Each dilepton event was required to have two se-
lected leptons forming an SFOC pair with transverse momenta 
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p1,2T > 20, 15 GeV to account for the trigger conditions under 
which the dilepton data were collected. The same single-lepton, 
double-electron and double-muon triggers were used as in the se-
lection of the four-lepton sample. An event was rejected if there 
was a third lepton with pT > 7 GeV (6 GeV for muons). The pairs 
of events were chosen randomly and overlaid by adding the lepton 
four-vectors of one event to the other. The distance between the 
primary vertices along the z-axis for the two events was required 
to be smaller than 1 cm. After the overlay, the same four-lepton 
selection was applied as described in Section 4, but the trigger 
configuration of the available dilepton datasets required an in-
crease in the lepton pT thresholds. They were chosen to be 20, 
20, 15, and 15 GeV for leptons ordered in descending order of pT. 
To have a valid comparison within the same phase space between 
the overlaid dileptons and the Pythia 8 sample, the same selection 
on lepton pT was also applied to the latter. The distributions of 
discriminating variables were compared, as were the distributions 
of ξDPS, obtained with the ANN trained on Pythia 8. Very good 
agreement between Pythia 8 and the overlaid data was observed, 
confirming the initial assumption of a very weak correlation be-
tween the two scatterings in the Pythia DPS model with no effect 
on the analysis.
The value of fDPS is extracted using detector-level distributions. 
To test how well this result agrees with the parton-level value, 
f partonDPS , several pseudo-datasets were constructed by mixing DPS, 
SPS and background samples with a number of predefined parton-
level values of f partonDPS = 0.01, 0.03, 0.05, 0.1, and 0.3. The number 
of background events in all mixtures was the same as expected 
in the selected four-lepton data sample. The corresponding value 
of fDPS at the detector level was then determined by fitting the 
detector-level distributions and compared with the input f partonDPS
value. It was found that the fitted value of fDPS is systematically 
lower than f partonDPS due to slightly different detector acceptances for 
DPS and SPS events. However, the two quantities agree within 2%.
6. Systematic uncertainties
The following sources of systematic uncertainty are considered:
• The experimental systematic uncertainty, which includes the 
uncertainties of the electron and muon energy scales, the un-
certainty of the energy and momentum resolution, and of the 
trigger, reconstruction and identification efficiencies [66,67].
• The uncertainty due to the model choice for the SPS process, 
which is evaluated by considering the effect of the variation of 
the fractions of qq̄- and gg-initiated subprocesses, which are 
modelled with different MC generators, as described in Sec-
tion 3. For the determination of the range of variation, these 
fractions are fitted to the m4 distribution in the data, keeping 
the fraction of background events unchanged. The fraction val-
ues of qq̄- and gg-initiated subprocesses were varied between 
the nominal values and the values obtained from the fit to the 
m4 distribution.
• The uncertainty in the background modelling, which is es-
timated by varying the contributions of various background 
subprocesses according to the uncertainty of their normalisa-
tions obtained in Ref. [33].
No uncertainty is assigned to the DPS model, since the kine-
matic distributions agree well between the Pythia 8 DPS model 
and the assumption of two independent interactions as repre-
sented by the overlaid dilepton data.
The combined effect of all systematic uncertainties, of which 
the variation of the Z + bb̄ jets background is the dominant un-
certainty, is about 20% of the statistical uncertainty on the fitted 
value of fDPS. The effect of systematic uncertainties is therefore 
neglected when setting the upper limit on fDPS.
The validity of neglecting the systematic uncertainties was also 
checked with pseudo-experiments: the contents of data bins were 
varied according to a Poisson distribution and those of MC profile 
histograms were varied according to the systematic uncertainty, 
sampling the variations according to Gaussian distribution in the 
corresponding nuisance parameter, taking into account the corre-
lation between the bins where appropriate. For each set of varied 
data and MC histograms, the fit of fDPS was performed. The re-
sulting distribution of fDPS was compared with that obtained with 
systematic uncertainties neglected. The comparison showed no sig-
nificant difference between the two distributions.
7. Results
7.1. Upper limit on fDPS
The upper limit on fDPS is determined using the distributions 
of the ξDPS variable in data, SPS, DPS, and background MC samples. 
The statistical method to interpret the data uses the test statistic 
for upper limits, qμ , based on the profile likelihood ratio as de-
scribed in Ref. [68],
qμ =
{
−2 ln λ(μ) μ̂ ≤ μ,
0 μ̂ > μ.







where θ is the number of non-DPS events and constitutes a nui-
sance parameter. The values μ̂ and θ̂ are maximum-likelihood es-
timators. The value of ˆ̂θ maximises L for a given value of μ. The 
parameter of interest, μ, is defined to be equal to the fDPS vari-
able, μ = fDPS. Thus μ = 0 corresponds to no DPS contribution, 
while μ = 1 means that the four-lepton sample consists exclu-
sively of DPS events. The procedure is that the data distribution 
is fitted with the sum of background, SPS and DPS histograms us-
ing the maximum-likelihood method. The upper limit is extracted 
using the CLs method [69] from distributions of the test statistic 
for various hypothesised values of μ. The test-statistic distribution 
is obtained from an ensemble of pseudo-experiments. The shape of 
the test-statistic distribution agrees with the asymptotic formulae 
of Ref. [68]. The value of the CLs upper limit on fDPS found with 
this method at 95% confidence level (CL) is 0.042.
7.2. Lower limit on the effective cross section
The upper limit on fDPS can be transformed into a lower limit 
on σeff by using Eq. (1). In order to perform this calculation, several 
inputs to the formula have to be determined.
The fiducial cross section for inclusive four-lepton produc-
tion [33] is
σ4 = 32.0 ± 1.6 (stat.) ± 0.7 (syst.) ± 0.9 (lumi.) fb.
The value of the symmetry factor k/2 in Eq. (1) is well defined for 
the case of 2e + 2μ or 2μ + 2e final states, k/2 = 1. For the 4e or 
4μ final states, k/2 is well defined only in the case of completely 
overlapping (k/2 = 1/2) or fully exclusive (k/2 = 1) dilepton phase 
spaces. Therefore, the dilepton phase space is divided into 40 mu-
tually exclusive regions. The boundaries of these regions are driven 
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Fig. 4. Summary of measurements and limits on the effective cross section, deter-
mined in different experiments [7–25], sorted chronologically. The measurements 
that were made by different experiments are denoted by different symbols and 
colours. The inner error bars represent statistical uncertainties and the outer error 
bars correspond to the total uncertainty. Dashed arrows indicate lower limits. Lines 
with arrows on both ends represent ranges of the effective cross-section values, de-
termined within a single publication. In the case of the double J/ψ measurement 
by LHCb, the dashed line denotes the upper and lower uncertainties. The AFS mea-
surement [7], indicated with a dot, was published without uncertainties.
by the lepton-pT thresholds and by the dilepton invariant-mass 
ranges for the leading and sub-leading lepton pairs. The product 
k
2 σAσB is determined by representing Eq. (1) as the sum over these 
phase-space regions. In order to determine the Drell–Yan cross sec-
tion in each of the regions, the Powheg-Box MC simulation was 
used, based on NLO QCD calculations with the CT10 NLO set of 
PDFs. In the most populated region of pT > 20 GeV for each lepton 
and of 50 < m2 < 120 GeV, the calculated cross section is 0.55 nb
for 2μ and 0.49 nb for 2e final states. A conservative uncertainty 
of ±15% is assigned to Drell–Yan cross sections. After summing the 




σAσB = (13.9 ± 0.1 (stat) ± 3.6 (syst)) · 1011 fb2.
Here the systematic uncertainty is determined by propagating 
the assumed Drell–Yan cross-section uncertainty, assuming 100% 
correlation between various phase-space regions.












and hence an approach similar to that used for the extraction of 
the upper limit on fDPS can be applied to set the lower limit on 
σeff. The lower limit on σeff at 95% CL is 1.0 mb, consistent with 
previously measured values of the effective cross section, as shown 
in Fig. 4.
8. Summary
The production of four-lepton (electrons or muons) final states 
in pp interactions at 8 TeV is analysed for the presence of double-
parton scattering, using 20.2 fb−1 of data recorded by the ATLAS 
experiment at the LHC. Leptons with transverse momentum above 
20, 15, 10 (8 if muon), and 7 (6 if muon) GeV, sorted in de-
scending order of pT, are selected in the pseudorapidity range 
|η| < 2.5 in the case of electrons and |η| < 2.7 in the case of 
muons. The four leptons form two same-flavour opposite-charge 
lepton pairs. The dilepton invariant masses are required to be 
in the range 50 < mleading < 120 GeV for the leading pair and 
12 < msub-leading < 120 GeV for the sub-leading pair, where the 
leading pair is defined as the pair with invariant mass closer to 
the Z boson mass. The transverse momentum p
+−
T of the dilep-
tons is required to be above 2 GeV. The events in the four-lepton 
invariant-mass range of 80 < m4 < 1000 GeV are considered. An 
artificial neural network is used to discriminate between single-
and double-parton scattering events. No signal of double-parton 
scattering is observed and an upper limit on the fraction of the 
DPS contribution to the inclusive four-lepton final state of 0.042 is 
obtained at 95% CL. This upper limit translates, for two indepen-
dent subscatterings, into a lower limit of 1.0 mb on the effective 
cross section, consistent with previously measured values in differ-
ent processes and at different centre-of-mass energies.
Acknowledgements
We thank CERN for the very successful operation of the LHC, 
as well as the support staff from our institutions without whom 
ATLAS could not be operated efficiently.
We acknowledge the support of ANPCyT, Argentina; YerPhI, Ar-
menia; ARC, Australia; BMWFW and FWF, Austria; ANAS, Azer-
baijan; SSTC, Belarus; CNPq and FAPESP, Brazil; NSERC, NRC and 
CFI, Canada; CERN; CONICYT, Chile; CAS, MOST and NSFC, China; 
COLCIENCIAS, Colombia; MSMT CR, MPO CR and VSC CR, Czech 
Republic; DNRF and DNSRC, Denmark; IN2P3-CNRS, CEA-DRF/IRFU, 
France; SRNSFG, Georgia; BMBF, HGF, and MPG, Germany; GSRT, 
Greece; RGC, Hong Kong SAR, China; ISF and Benoziyo Center, Is-
rael; INFN, Italy; MEXT and JSPS, Japan; CNRST, Morocco; NWO, 
Netherlands; RCN, Norway; MNiSW and NCN, Poland; FCT, Portu-
gal; MNE/IFA, Romania; MES of Russia and NRC KI, Russian Fed-
eration; JINR; MESTD, Serbia; MSSR, Slovakia; ARRS and MIZŠ, 
Slovenia; DST/NRF, South Africa; MINECO, Spain; SRC and Wallen-
berg Foundation, Sweden; SERI, SNSF and Cantons of Bern and 
Geneva, Switzerland; MOST, Taiwan; TAEK, Turkey; STFC, United 
Kingdom; DOE and NSF, United States of America. In addition, in-
dividual groups and members have received support from BCKDF, 
Canarie, CRC and Compute Canada, Canada; COST, ERC, ERDF, Hori-
zon 2020, and Marie Skłodowska-Curie Actions, European Union; 
Investissements d’ Avenir Labex and Idex, ANR, France; DFG and 
AvH Foundation, Germany; Herakleitos, Thales and Aristeia pro-
grammes co-financed by EU-ESF and the Greek NSRF, Greece; BSF-
NSF and GIF, Israel; CERCA Programme Generalitat de Catalunya, 
Spain; The Royal Society and Leverhulme Trust, United Kingdom.
The crucial computing support from all WLCG partners is ac-
knowledged gratefully, in particular from CERN, the ATLAS Tier-
1 facilities at TRIUMF (Canada), NDGF (Denmark, Norway, Swe-
den), CC-IN2P3 (France), KIT/GridKA (Germany), INFN-CNAF (Italy), 
NL-T1 (Netherlands), PIC (Spain), ASGC (Taiwan), RAL (UK) and BNL 
(USA), the Tier-2 facilities worldwide and large non-WLCG resource 
providers. Major contributors of computing resources are listed in 
Ref. [70].
References
[1] T. Sjöstrand, M. van Zijl, A multiple-interaction model for the event structure 
in hadron collisions, Phys. Rev. D 36 (1987) 2019.
[2] M. Diehl, J.R. Gaunt, Double parton scattering theory overview, CERN-TH-
2017-204, DESY-17-161, arXiv:1710 .04408 [hep -ph], 2017.
The ATLAS Collaboration / Physics Letters B 790 (2019) 595–614 601
[3] M. Diehl, A. Schafer, Theoretical considerations on multiparton interactions in 
QCD, Phys. Lett. B 698 (2011) 389, arXiv:1102 .3081 [hep -ph].
[4] M. Diehl, D. Ostermeier, A. Schafer, Elements of a theory for multiparton in-
teractions in QCD, J. High Energy Phys. 03 (2012) 089, Erratum J. High Energy 
Phys. 03 (2016) 001, arXiv:1111.0910 [hep -ph].
[5] A.V. Manohar, W.J. Waalewijn, QCD analysis of double parton scattering: spin 
and color correlations, interference effects, and evolution, Phys. Rev. D 85 
(2012) 114009, arXiv:1202 .3794 [hep -ph].
[6] P. Bartalini, et al., Multi-parton interactions at the LHC, ANL-HEP-PR-11-65, 
DESY-11-185, KA-TP-32-2011, TTK-11-52, arXiv:1111.0469 [hep -ph], 2011.
[7] AFS Collaboration, T. Akesson, et al., Double parton scattering in pp collisions 
at √s = 63 GeV, Z. Phys. C 34 (1987) 163.
[8] UA2 Collaboration, J. Alitti, et al., A study of multi-jet events at the CERN 
anti-pp collider and a search for double parton scattering, Phys. Lett. B 268 
(1991) 145.
[9] CDF Collaboration, Study of four jet events and evidence for double parton 
interactions in pp̄ collisions at √s = 1.8 TeV, Phys. Rev. D 47 (1993) 4857.
[10] CDF Collaboration, Double parton scattering in p̄p collisions at √s = 1.8 TeV, 
Phys. Rev. D 56 (1997) 3811.
[11] DØ Collaboration, Double parton interactions in γ + 3 jet events in pp̄ colli-
sions √s = 1.96 TeV, Phys. Rev. D 81 (2010) 052012, arXiv:0912 .5104 [hep -ex].
[12] LHCb Collaboration, Observation of double charm production involving open 
charm in pp collisions at √s = 7 TeV, J. High Energy Phys. 06 (2012) 141, 
Addendum J. High Energy Phys. 03 (2014) 108, arXiv:1205 .0975 [hep -ex].
[13] ATLAS Collaboration, Measurement of hard double-parton interactions in W (→
lv) + 2 jet events at √s = 7 TeV with the ATLAS detector, New J. Phys. 15 
(2013) 033038, arXiv:1301.6872 [hep -ex].
[14] CMS Collaboration, Study of double parton scattering using W + 2-jet events 
in proton–proton collisions at √s = 7 TeV, J. High Energy Phys. 03 (2014) 032, 
arXiv:1312 .5729 [hep -ex].
[15] ATLAS Collaboration, Study of hard double-parton scattering in four-jet events 
in pp collisions at √s = 7 TeV with the ATLAS experiment, J. High Energy Phys. 
11 (2016) 110, arXiv:1608 .01857 [hep -ex].
[16] DØ Collaboration, Double parton interactions in γ + 3 jet and γ + b/c jet + 2 
jet events in pp̄ collisions at √s = 1.96 TeV, Phys. Rev. D 89 (2014) 072006, 
arXiv:1402 .1550 [hep -ex].
[17] ATLAS Collaboration, Observation and measurements of the production of 
prompt and non-prompt J/ψ mesons in association with a Z boson in pp
collisions at √s = 8 TeV with the ATLAS detector, Eur. Phys. J. C 75 (2015) 229, 
arXiv:1412 .6428 [hep -ex].
[18] LHCb Collaboration, Production of associated ϒ and open charm hadrons in 
pp collisions at √s = 7 and 8 TeV via double parton scattering, J. High Energy 
Phys. 07 (2016) 052, arXiv:1510 .05949 [hep -ex].
[19] DØ Collaboration, Study of double parton interactions in diphoton + dijet 
events in pp collisions at √s = 1.96 TeV, Phys. Rev. D 93 (2016) 052008, 
arXiv:1512 .05291 [hep -ex].
[20] LHCb Collaboration, Measurement of the J /ψ pair production cross-section in 
pp collisions at √s = 13 TeV, J. High Energy Phys. 06 (2017) 047, Erratum: J. 
High Energy Phys. 10 (2017) 068, arXiv:1612 .07451 [hep -ex].
[21] CMS Collaboration, Constraints on the double-parton scattering cross section 
from same-sign W boson pair production in proton–proton collisions at √s =
8 TeV, J. High Energy Phys. 02 (2018) 032, arXiv:1712 .02280 [hep -ex].
[22] DØ Collaboration, Observation and studies of double J/ψ production at the 
tevatron, Phys. Rev. D 90 (2014) 111101, arXiv:1406 .2380 [hep -ex].
[23] DØ Collaboration, Evidence for simultaneous production of J/ψ and ϒ mesons, 
Phys. Rev. Lett. 116 (2016) 082002, arXiv:1511.02428 [hep -ex].
[24] ATLAS Collaboration, Measurement of the prompt J/ψ pair production cross-
section in pp collisions at √s = 8 TeV with the ATLAS detector, Eur. Phys. J. C 
77 (2017) 76, arXiv:1612 .02950 [hep -ex].
[25] CMS Collaboration, Observation of ϒ(1S) pair production in proton–proton col-
lisions at √s = 8 TeV, J. High Energy Phys. 05 (2017) 013, arXiv:1610 .07095
[hep -ex].
[26] M.W. Krasny, W. Placzek, The LHC excess of four-lepton events interpreted as 
Higgs-boson signal: background from double Drell–Yan process?, Acta Phys. 
Pol. B 45 (2014) 71, arXiv:1305 .1769 [hep -ph].
[27] M.W. Krasny, W. Placzek, On the contribution of the double Drell–Yan process 
to W W and Z Z production at the LHC, Acta Phys. Pol. B 47 (2016) 1045, arXiv:
1501.04569 [hep -ph].
[28] H. Mäntysaari, B. Schenke, Evidence of strong proton shape fluctuations from 
incoherent diffraction, Phys. Rev. Lett. 117 (2016) 052301, arXiv:1603 .04349
[hep -ph].
[29] CMS Collaboration, Observation of long-range, near-side angular correlations 
in proton–proton collisions at the LHC, J. High Energy Phys. 09 (2010) 091, 
arXiv:1009 .4122 [hep -ex].
[30] ALICE Collaboration, Long-range angular correlations on the near and away side 
in p–Pb collisions at √sN N = 5.02 TeV, Phys. Lett. B 719 (2013) 29, arXiv:1212 .
2001 [nucl -ex].
[31] ATLAS Collaboration, Observation of associated near-side and away-side long-
range correlations in √sN N = 5.02 TeV proton–lead collisions with the ATLAS 
detector, Phys. Rev. Lett. 110 (2013) 182302, arXiv:1212 .5198 [hep -ex].
[32] PHENIX Collaboration, Quadrupole anisotropy in dihadron azimuthal correla-
tions in central d + Au collisions at √sN N = 200 GeV, Phys. Rev. Lett. 111 
(2013) 212301, arXiv:1303 .1794 [nucl -ex].
[33] ATLAS Collaboration, Measurements of four-lepton production in pp collisions 
at √s = 8 TeV with the ATLAS detector, Phys. Lett. B 753 (2016) 552, arXiv:
1509 .07844 [hep -ex].
[34] T. Melia, P. Nason, R. Rontsch, G. Zanderighi, W +W − , W Z and Z Z produc-
tion in the POWHEG BOX, J. High Energy Phys. 11 (2011) 078, arXiv:1107.5051
[hep -ph].
[35] S. Alioli, P. Nason, C. Oleari, E. Re, A general framework for implementing NLO 
calculations in shower Monte Carlo programs: the POWHEG BOX, J. High En-
ergy Phys. 06 (2010) 43, arXiv:1002 .2581 [hep -ph].
[36] P. Nason, A new method for combining NLO QCD with shower Monte Carlo 
algorithms, J. High Energy Phys. 11 (2004) 040, arXiv:hep -ph /0409146 [hep -
ph].
[37] ATLAS Collaboration, The ATLAS experiment at the CERN large hadron collider, 
J. Instrum. 3 (2008) S08003.
[38] ATLAS Collaboration, Performance of the ATLAS trigger system in 2010, Eur. 
Phys. J. C 72 (2012) 1849, arXiv:1110 .1530 [hep -ex].
[39] H.-L. Lai, et al., New parton distributions for collider physics, Phys. Rev. D 82 (7) 
(2010) 074024, arXiv:1007.2241 [hep -ph].
[40] J.M. Campbell, R.K. Ellis, C. Williams, Bounding the Higgs width at the LHC 
using full analytic results for gg -> e−e+μ−μ+ , J. High Energy Phys. 04 (2014) 
060, arXiv:1311.3589 [hep -ph].
[41] J. Gao, et al., CT10 next-to-next-to-leading order global analysis of QCD, Phys. 
Rev. D 89 (3) (2014) 033009, arXiv:1302 .6246 [hep -ph].
[42] F. Caola, K. Melnikov, R. Röntsch, L. Tancredi, QCD corrections to Z Z production 
in gluon fusion at the LHC, Phys. Rev. D 92 (2015) 094028, arXiv:1509 .06734
[hep -ph].
[43] T. Sjöstrand, S. Mrenna, P.Z. Skands, A brief introduction to PYTHIA 8.1, Comput. 
Phys. Commun. 178 (2008) 852, arXiv:0710 .3820 [hep -ph].
[44] J.R. Andersen, et al., Handbook of LHC Higgs Cross Sections: 3. Higgs Properties, 
S. Heinemeyer, C. Mariotti, G. Passarino and R. Tanaka (Eds.), 2013, CERN-
2013-004, arXiv:1307.1347 [hep -ph].
[45] J. Alwall, et al., The automated computation of tree-level and next-to-leading 
order differential cross sections, and their matching to parton shower simula-
tions, J. High Energy Phys. 07 (2014) 079, arXiv:1405 .0301 [hep -ph].
[46] J. Pumplin, et al., New generation of parton distributions with uncertainties 
from global QCD analysis, J. High Energy Phys. 07 (2002) 012, arXiv:hep -ph /
0201195.
[47] T. Sjöstrand, S. Mrenna, P.Z. Skands, PYTHIA 6.4 physics and manual, J. High 
Energy Phys. 05 (2006) 026, arXiv:hep -ph /0603175 [hep -ph].
[48] ATLAS Collaboration, Summary of ATLAS Pythia 8 tunes, ATL-PHYS-PUB-
2012-003, https://cds .cern .ch /record /1474107, 2012.
[49] M.L. Mangano, M. Moretti, F. Piccinini, R. Pittau, A.D. Polosa, ALPGEN, a gener-
ator for hard multiparton processes in hadronic collisions, J. High Energy Phys. 
07 (2003) 001, arXiv:hep -ph /0206293 [hep -ph].
[50] B. Cooper, et al., Importance of a consistent choice of alpha (s) in the matching 
of AlpGen and Pythia, Eur. Phys. J. C 72 (2012) 2078, arXiv:1109 .5295 [hep -ph].
[51] T. Gleisberg, et al., Event generation with SHERPA 1.1, J. High Energy Phys. 02 
(2009) 007, arXiv:0811.4622 [hep -ph].
[52] ATLAS Collaboration, ATLAS tunes of PYTHIA 6 and Pythia 8 for MC11, ATL-
PHYS-PUB-2011-009, ATL-COM-PHYS-2011-744, http://cdsweb .cern .ch /record /
1363300, 2011.
[53] ATLAS Collaboration, Further ATLAS tunes of Pythia 6 and Pythia 8, ATL-PHYS-
PUB-2011-014, http://cdsweb .cern .ch /record /1400677, 2011.
[54] A. Sherstnev, R.S. Thorne, Parton distributions for LO generators, Eur. Phys. J. C 
55 (2008) 553, arXiv:0711.2473 [hep -ph].
[55] ATLAS Collaboration, The ATLAS simulation infrastructure, Eur. Phys. J. C 70 
(2010) 823, arXiv:1005 .4568 [physics .ins -det].
[56] S. Agostinelli, et al., Geant4—a simulation toolkit, Nucl. Instrum. Methods A 506 
(2003) 250.
[57] ATLAS Collaboration, Study of hard double-parton scattering in four-jet events 
in pp collisions at √s = 7 TeV with the ATLAS experiment, J. High Energy Phys. 
11 (2016) 110, arXiv:1608 .01857 [hep -ex].
[58] R. Brun, F. Rademakers, ROOT: an object oriented data analysis framework, 
Nucl. Instrum. Methods A 389 (1997) 81.
[59] C.G. Broyden, The convergence of a class of double-rank minimization algo-
rithms 1. General considerations, IMA J. Appl. Math. 6 (1970) 76.
[60] R. Fletcher, A new approach to variable metric algorithms, Comput. J. 13 (1970) 
317.
[61] D. Goldfarb, A family of variable-metric methods derived by variational means, 
Math. Comput. 24 (1970) 23.
[62] D.F. Shanno, Conditioning of quasi-Newton methods for function minimization, 
Math. Comput. 24 (1970) 647.
[63] T. Sjöstrand, et al., An introduction to PYTHIA 8.2, Comput. Phys. Commun. 191 
(2015) 159, arXiv:1410 .3012 [hep -ph].
[64] R. Corke, T. Sjöstrand, Interleaved parton showers and tuning prospects, J. High 
Energy Phys. 03 (2011) 032, arXiv:1011.1759 [hep -ph].
602 The ATLAS Collaboration / Physics Letters B 790 (2019) 595–614
[65] T. Sjöstrand, The development of MPI modelling in PYTHIA, arXiv:1706 .02166
[hep -ph], 2017.
[66] ATLAS Collaboration, Measurement of the muon reconstruction performance of 
the ATLAS detector using 2011 and 2012 LHC proton–proton collision data, Eur. 
Phys. J. C 74 (2014) 3130, arXiv:1407.3935 [hep -ex].
[67] ATLAS Collaboration, Electron and photon energy calibration with the ATLAS 
detector using LHC Run 1 data, Eur. Phys. J. C 74 (2014) 3071, arXiv:1407.5063
[hep -ex].
[68] G. Cowan, K. Cranmer, E. Gross, O. Vitells, Asymptotic formulae for likelihood-
based tests of new physics, Eur. Phys. J. C 71 (2011) 1554, Erratum: Eur. Phys. 
J. C 73 (2013) 2501, arXiv:1007.1727 [physics .data -an].
[69] A.L. Read, Presentation of search results: the C Ls technique, J. Phys. G 28 (2002) 
2693.
[70] ATLAS Collaboration, ATLAS Computing Acknowledgements, ATL-GEN-PUB-
2016-002, https://cds .cern .ch /record /2202407.
The ATLAS Collaboration
M. Aaboud 34d, G. Aad 99, B. Abbott 125, O. Abdinov 13,∗, B. Abeloos 129, D.K. Abhayasinghe 91, 
S.H. Abidi 164, O.S. AbouZeid 39, N.L. Abraham 153, H. Abramowicz 158, H. Abreu 157, Y. Abulaiti 6, 
B.S. Acharya 64a,64b,p, S. Adachi 160, L. Adam 97, L. Adamczyk 81a, J. Adelman 119, M. Adersberger 112, 
A. Adiguzel 12c,ai, T. Adye 141, A.A. Affolder 143, Y. Afik 157, C. Agheorghiesei 27c, 
J.A. Aguilar-Saavedra 137f,137a,ah, F. Ahmadov 77,af , G. Aielli 71a,71b, S. Akatsuka 83, T.P.A. Åkesson 94, 
E. Akilli 52, A.V. Akimov 108, G.L. Alberghi 23b,23a, J. Albert 173, P. Albicocco 49, M.J. Alconada Verzini 86, 
S. Alderweireldt 117, M. Aleksa 35, I.N. Aleksandrov 77, C. Alexa 27b, D. Alexandre 19, T. Alexopoulos 10, 
M. Alhroob 125, B. Ali 139, G. Alimonti 66a, J. Alison 36, S.P. Alkire 145, C. Allaire 129, B.M.M. Allbrooke 153, 
B.W. Allen 128, P.P. Allport 21, A. Aloisio 67a,67b, A. Alonso 39, F. Alonso 86, C. Alpigiani 145, A.A. Alshehri 55, 
M.I. Alstaty 99, B. Alvarez Gonzalez 35, D. Álvarez Piqueras 171, M.G. Alviggi 67a,67b, B.T. Amadio 18, 
Y. Amaral Coutinho 78b, A. Ambler 101, L. Ambroz 132, C. Amelung 26, D. Amidei 103, 
S.P. Amor Dos Santos 137a,137c, S. Amoroso 44, C.S. Amrouche 52, F. An 76, C. Anastopoulos 146, L.S. Ancu 52, 
N. Andari 142, T. Andeen 11, C.F. Anders 59b, J.K. Anders 20, K.J. Anderson 36, A. Andreazza 66a,66b, 
V. Andrei 59a, C.R. Anelli 173, S. Angelidakis 37, I. Angelozzi 118, A. Angerami 38, A.V. Anisenkov 120b,120a, 
A. Annovi 69a, C. Antel 59a, M.T. Anthony 146, M. Antonelli 49, D.J.A. Antrim 168, F. Anulli 70a, M. Aoki 79, 
J.A. Aparisi Pozo 171, L. Aperio Bella 35, G. Arabidze 104, J.P. Araque 137a, V. Araujo Ferraz 78b, 
R. Araujo Pereira 78b, A.T.H. Arce 47, R.E. Ardell 91, F.A. Arduh 86, J-F. Arguin 107, S. Argyropoulos 75, 
J.-H. Arling 44, A.J. Armbruster 35, L.J. Armitage 90, A. Armstrong 168, O. Arnaez 164, H. Arnold 118, 
M. Arratia 31, O. Arslan 24, A. Artamonov 109,∗, G. Artoni 132, S. Artz 97, S. Asai 160, N. Asbah 57, 
E.M. Asimakopoulou 169, L. Asquith 153, K. Assamagan 29, R. Astalos 28a, R.J. Atkin 32a, M. Atkinson 170, 
N.B. Atlay 148, K. Augsten 139, G. Avolio 35, R. Avramidou 58a, M.K. Ayoub 15a, A.M. Azoulay 165b, 
G. Azuelos 107,av, A.E. Baas 59a, M.J. Baca 21, H. Bachacou 142, K. Bachas 65a,65b, M. Backes 132, 
P. Bagnaia 70a,70b, M. Bahmani 82, H. Bahrasemani 149, A.J. Bailey 171, J.T. Baines 141, M. Bajic 39, 
C. Bakalis 10, O.K. Baker 180, P.J. Bakker 118, D. Bakshi Gupta 8, S. Balaji 154, E.M. Baldin 120b,120a, 
P. Balek 177, F. Balli 142, W.K. Balunas 134, J. Balz 97, E. Banas 82, A. Bandyopadhyay 24, S. Banerjee 178,l, 
A.A.E. Bannoura 179, L. Barak 158, W.M. Barbe 37, E.L. Barberio 102, D. Barberis 53b,53a, M. Barbero 99, 
T. Barillari 113, M-S. Barisits 35, J. Barkeloo 128, T. Barklow 150, R. Barnea 157, S.L. Barnes 58c, 
B.M. Barnett 141, R.M. Barnett 18, Z. Barnovska-Blenessy 58a, A. Baroncelli 72a, G. Barone 29, A.J. Barr 132, 
L. Barranco Navarro 171, F. Barreiro 96, J. Barreiro Guimarães da Costa 15a, R. Bartoldus 150, A.E. Barton 87, 
P. Bartos 28a, A. Basalaev 135, A. Bassalat 129, R.L. Bates 55, S.J. Batista 164, S. Batlamous 34e, J.R. Batley 31, 
M. Battaglia 143, M. Bauce 70a,70b, F. Bauer 142, K.T. Bauer 168, H.S. Bawa 150,n, J.B. Beacham 123, T. Beau 133, 
P.H. Beauchemin 167, P. Bechtle 24, H.C. Beck 51, H.P. Beck 20,s, K. Becker 50, M. Becker 97, C. Becot 44, 
A. Beddall 12d, A.J. Beddall 12a, V.A. Bednyakov 77, M. Bedognetti 118, C.P. Bee 152, T.A. Beermann 74, 
M. Begalli 78b, M. Begel 29, A. Behera 152, J.K. Behr 44, F. Beisiegel 24, A.S. Bell 92, G. Bella 158, 
L. Bellagamba 23b, A. Bellerive 33, M. Bellomo 157, P. Bellos 9, K. Belotskiy 110, N.L. Belyaev 110, 
O. Benary 158,∗, D. Benchekroun 34a, M. Bender 112, N. Benekos 10, Y. Benhammou 158, 
E. Benhar Noccioli 180, J. Benitez 75, D.P. Benjamin 6, M. Benoit 52, J.R. Bensinger 26, S. Bentvelsen 118, 
L. Beresford 132, M. Beretta 49, D. Berge 44, E. Bergeaas Kuutmann 169, N. Berger 5, B. Bergmann 139, 
L.J. Bergsten 26, J. Beringer 18, S. Berlendis 7, N.R. Bernard 100, G. Bernardi 133, C. Bernius 150, 
F.U. Bernlochner 24, T. Berry 91, P. Berta 97, C. Bertella 15a, G. Bertoli 43a,43b, I.A. Bertram 87, G.J. Besjes 39, 
O. Bessidskaia Bylund 179, M. Bessner 44, N. Besson 142, A. Bethani 98, S. Bethke 113, A. Betti 24, 
A.J. Bevan 90, J. Beyer 113, R. Bi 136, R.M. Bianchi 136, O. Biebel 112, D. Biedermann 19, R. Bielski 35, 
K. Bierwagen 97, N.V. Biesuz 69a,69b, M. Biglietti 72a, T.R.V. Billoud 107, M. Bindi 51, A. Bingul 12d, 
C. Bini 70a,70b, S. Biondi 23b,23a, M. Birman 177, T. Bisanz 51, J.P. Biswal 158, C. Bittrich 46, D.M. Bjergaard 47, 
The ATLAS Collaboration / Physics Letters B 790 (2019) 595–614 603
J.E. Black 150, K.M. Black 25, T. Blazek 28a, I. Bloch 44, C. Blocker 26, A. Blue 55, U. Blumenschein 90, 
Dr. Blunier 144a, G.J. Bobbink 118, V.S. Bobrovnikov 120b,120a, S.S. Bocchetta 94, A. Bocci 47, D. Boerner 179, 
D. Bogavac 112, A.G. Bogdanchikov 120b,120a, C. Bohm 43a, V. Boisvert 91, P. Bokan 169, T. Bold 81a, 
A.S. Boldyrev 111, A.E. Bolz 59b, M. Bomben 133, M. Bona 90, J.S. Bonilla 128, M. Boonekamp 142, 
H.M. Borecka-Bielska 88, A. Borisov 121, G. Borissov 87, J. Bortfeldt 35, D. Bortoletto 132, V. Bortolotto 71a,71b, 
D. Boscherini 23b, M. Bosman 14, J.D. Bossio Sola 30, K. Bouaouda 34a, J. Boudreau 136, 
E.V. Bouhova-Thacker 87, D. Boumediene 37, C. Bourdarios 129, S.K. Boutle 55, A. Boveia 123, J. Boyd 35, 
D. Boye 32b, I.R. Boyko 77, A.J. Bozson 91, J. Bracinik 21, N. Brahimi 99, A. Brandt 8, G. Brandt 179, 
O. Brandt 59a, F. Braren 44, U. Bratzler 161, B. Brau 100, J.E. Brau 128, W.D. Breaden Madden 55, 
K. Brendlinger 44, L. Brenner 44, R. Brenner 169, S. Bressler 177, B. Brickwedde 97, D.L. Briglin 21, 
D. Britton 55, D. Britzger 113, I. Brock 24, R. Brock 104, G. Brooijmans 38, T. Brooks 91, W.K. Brooks 144b, 
E. Brost 119, J.H Broughton 21, P.A. Bruckman de Renstrom 82, D. Bruncko 28b, A. Bruni 23b, G. Bruni 23b, 
L.S. Bruni 118, S. Bruno 71a,71b, B.H. Brunt 31, M. Bruschi 23b, N. Bruscino 136, P. Bryant 36, L. Bryngemark 94, 
T. Buanes 17, Q. Buat 35, P. Buchholz 148, A.G. Buckley 55, I.A. Budagov 77, M.K. Bugge 131, F. Bührer 50, 
O. Bulekov 110, D. Bullock 8, T.J. Burch 119, S. Burdin 88, C.D. Burgard 118, A.M. Burger 5, B. Burghgrave 119, 
K. Burka 82, S. Burke 141, I. Burmeister 45, J.T.P. Burr 132, V. Büscher 97, E. Buschmann 51, P. Bussey 55, 
J.M. Butler 25, C.M. Buttar 55, J.M. Butterworth 92, P. Butti 35, W. Buttinger 35, A. Buzatu 155, 
A.R. Buzykaev 120b,120a, G. Cabras 23b,23a, S. Cabrera Urbán 171, D. Caforio 139, H. Cai 170, V.M.M. Cairo 2, 
O. Cakir 4a, N. Calace 52, P. Calafiura 18, A. Calandri 99, G. Calderini 133, P. Calfayan 63, G. Callea 55, 
L.P. Caloba 78b, S. Calvente Lopez 96, D. Calvet 37, S. Calvet 37, T.P. Calvet 152, M. Calvetti 69a,69b, 
R. Camacho Toro 133, S. Camarda 35, D. Camarero Munoz 96, P. Camarri 71a,71b, D. Cameron 131, 
R. Caminal Armadans 100, C. Camincher 35, S. Campana 35, M. Campanelli 92, A. Camplani 39, 
A. Campoverde 148, V. Canale 67a,67b, M. Cano Bret 58c, J. Cantero 126, T. Cao 158, Y. Cao 170, 
M.D.M. Capeans Garrido 35, I. Caprini 27b, M. Caprini 27b, M. Capua 40b,40a, R.M. Carbone 38, 
R. Cardarelli 71a, F.C. Cardillo 146, I. Carli 140, T. Carli 35, G. Carlino 67a, B.T. Carlson 136, L. Carminati 66a,66b, 
R.M.D. Carney 43a,43b, S. Caron 117, E. Carquin 144b, S. Carrá 66a,66b, J.W.S. Carter 164, D. Casadei 32b, 
M.P. Casado 14,g , A.F. Casha 164, D.W. Casper 168, R. Castelijn 118, F.L. Castillo 171, V. Castillo Gimenez 171, 
N.F. Castro 137a,137e, A. Catinaccio 35, J.R. Catmore 131, A. Cattai 35, J. Caudron 24, V. Cavaliere 29, 
E. Cavallaro 14, D. Cavalli 66a, M. Cavalli-Sforza 14, V. Cavasinni 69a,69b, E. Celebi 12b, F. Ceradini 72a,72b, 
L. Cerda Alberich 171, A.S. Cerqueira 78a, A. Cerri 153, L. Cerrito 71a,71b, F. Cerutti 18, A. Cervelli 23b,23a, 
S.A. Cetin 12b, A. Chafaq 34a, D. Chakraborty 119, S.K. Chan 57, W.S. Chan 118, J.D. Chapman 31, 
B. Chargeishvili 156b, D.G. Charlton 21, C.C. Chau 33, C.A. Chavez Barajas 153, S. Che 123, A. Chegwidden 104, 
S. Chekanov 6, S.V. Chekulaev 165a, G.A. Chelkov 77,au, M.A. Chelstowska 35, C. Chen 58a, C.H. Chen 76, 
H. Chen 29, J. Chen 58a, J. Chen 38, S. Chen 134, S.J. Chen 15c, X. Chen 15b,at , Y. Chen 80, Y-H. Chen 44, 
H.C. Cheng 61a, H.J. Cheng 15d, A. Cheplakov 77, E. Cheremushkina 121, R. Cherkaoui El Moursli 34e, 
E. Cheu 7, K. Cheung 62, T.J.A. Chevalérias 142, L. Chevalier 142, V. Chiarella 49, G. Chiarelli 69a, 
G. Chiodini 65a, A.S. Chisholm 35,21, A. Chitan 27b, I. Chiu 160, Y.H. Chiu 173, M.V. Chizhov 77, K. Choi 63, 
A.R. Chomont 129, S. Chouridou 159, Y.S. Chow 118, V. Christodoulou 92, M.C. Chu 61a, J. Chudoba 138, 
A.J. Chuinard 101, J.J. Chwastowski 82, L. Chytka 127, D. Cinca 45, V. Cindro 89, I.A. Cioară 24, A. Ciocio 18, 
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